Mechanochemical activation of solids can lead to a strong increase in their activity as catalysts in heterogeneously catalyzed reactions. In the following, we report on the effects of solid catalyst activation during ball milling that lead to oscillatory behavior in CO and CO 2 formation during propene oxidation. The oscillations arise under in situ ball milling conditions over chromium(III) oxide (Cr 2 O 3 ) and cerium(IV) oxide (CeO 2 ), respectively. The experiments were conducted under continuous gas flow at ambient pressure and temperature, using both a modified steel and a tungsten carbide milling vessel. Abrasion of particles from the steel milling vessel could be eliminated as the sole cause for the oscillations through substitution by a tungsten carbide milling vessel. The intensity and frequency of oscillations are shown to be dependent on the propene-to-oxygen ratio, the milling frequency, milling ball size and metal oxide used. Overall, Cr 2 O 3 shows higher activity for oscillatory propene combustion under in situ mechanical activation than CeO 2 .
Introduction
Mechanochemical activation of solids has long been known to induce chemical changes, initiating or promoting chemical reactions. The first documented mechanochemical reaction dates back to the grinding of cinnabar around 400 BC [1] . The term mechanochemistry and its position as a sub-topic in chemistry were introduced by Wilhelm Ostwald [2] . The field has shown promising pathways for quick, clean and solvent-free synthesis of various organic [3] [4] [5] , metal-organic [4, 6] or inorganic substances [4, 5, 7, 8] . Recently, substantial efforts were invested in organocatalyzed reactions in a ball mill [9] , as well as acid-catalyzed hydrolysis of (ligno-)cellulose [10, 11] . Additionally, mechanochemical activation of inorganic substances has been shown to enhance the rate of heterogeneously catalyzed reactions by creating defects and reduction of crystallite and particle size [12] . CO 2 methanation was the first example in which the potential of in situ ball milling in heterogeneously catalyzed reactions was explored [13] . Recently, we showed that the in situ ball milling activation of a catalyst can lead to activity increases of a solid catalyst by several orders of magnitude during CO oxidation [14] . Also unusual selectivities have been observed during in situ ball milling catalysis [15] . To describe the processes occurring during milling, several theories, such as the magma-plasma model [16] and the hotspot theory [16, 17] , have been proposed. These assume high temperatures and pressures arising at the impact point between balls which in turn lead to continuing changes in the ball-milled materials. In addition, theoretical studies on the mechanism and kinetics of mechanochemical processes in comminuting devices show that short-time contact fusion of particles can play the key role in the occurring activation and chemical reactions [18, 19] .
Heterogeneously catalyzed reactions are highly nonlinear, multilevel chemical systems, which are operated away from thermodynamic equilibrium. This can lead to the formation of temporal or spatiotemporal structures which can originate on various levels of a heterogeneous catalytic system [20, 21] . Oscillating reactions in heterogeneous catalysis at ambient pressure are known for several oxidation reactions such as the CO and methane oxidation over metal catalysts [20, 22] . Oscillations in propene oxidation to acrolein and CO 2 have been observed using CuO catalysts at 278°C [23] , as well as in propane oxidation in the temperature range of 600-750°C [24] , which were attributed to change in oxidation state of the catalyst. In situ ball milling of a catalyst leads to continuous changes in the catalyst shape and structure, and continuous formation of local hot spots and/ or high pressures due to impact of the balls or shearing at the walls of the milling vessel. This adds to the complexity of the heterogeneous catalytic system. Herein, we report on the effects of solid catalyst activation during ball milling that lead to oscillatory behavior in CO and CO 2 formation observed for the propene oxidation under in situ ball milling conditions at ambient temperature and pressure, using commercially available Cr 2 O 3 and CeO 2 , and give insight into the phenomena arising from the changes in feed composition and milling conditions, respectively.
Materials and methods

Materials
Chromium(III) oxide (Cr 2 O 3 ), cerium(IV) oxide (CeO 2 ) and molybdenum(VI) oxide (MoO 3 ) were purchased from Sigma-Aldrich. Propene gas (99.5 vol%) was purchased from Messer and oxygen (C99.9995 mol%) from Air Liquide and nitrogen (C99.8 vol%) from Prax Air. All reagents used in the experiments were of analytical grade and used without further purification.
In situ ball milling reaction procedure All in situ ball milling experiments were performed in a RETSCH shaker mill MM400 with a modified milling vessels and milling balls (Fig. 1) . The milling vessels were made of non-hardened stainless steel (1.4571) or tungsten carbide. The 25-ml stainless steel milling vessels as well as the respective steel milling balls (d = 13.5 mm) were self-made in the fine mechanics workshop using a lathe. The 25-ml tungsten carbide milling vial and the respective milling balls (d = 10 mm) were obtained from RETSCH and modified. All milling vials were equipped with a gas inlet and outlet via Swagelok fittings, with a cone at the gas outlet in order to prevent loss of catalyst by acting as a cyclone filter similar to the one previously described [14] . The milling vessels were additionally equipped with a wireless temperature sensor for measuring the vessel temperature or a thermocouple at the gas outlet for measuring the temperature inside the milling vessel.
After filling the milling capsule with catalyst material and milling balls, it was placed in the shaker mill and connected via Swagelok fittings to the gas flow system. Before starting the milling, the reaction gas flows were set separately to the requested value and then mixed via a T-mixer. Due to the fact that the photometer of the continuous IR spectrometer was calibrated to CO and CO 2 values of 2.0 vol%, the product gas flow after the mill was diluted with 700 ml min -1 nitrogen in order to bring the concentrations to the calibrated range. The pressure at the beginning of the experiments was 1 bar. The gas flows were regulated with a gas flow meter and checked via a bubble meter before each experiment. Commercially available Cr 2 O 3 (Sigma-Aldrich, powder C98%), CeO 2 (Sigma-Aldrich, nanopowder, 99.95%) and MoO 3 (Sigma-Aldrich, powder 99.97%) were used without further purification. For the milling experiments, the respective vessel was filled with the catalyst (steel 1 g; WC 2 g) and balls (steel 2 9 d = 13.5 mm, non-hardened steel; WC 6 9 10 mm, WC). The reactant gas mixture (V total = 25 ml min -1 , varied C 3 H 6 :O 2 ratios) was passed continuously through the milling vessel under milling at room temperature for 2-3 h. The feed gas consisted of propene (99.5 vol%, Messer) and oxygen (C99.9995 mol%, Air Liquide). Products were analyzed using continuous IR spectroscopy (ABB EL 3000 Series with an URAS 26) or online-GC (Agilent HP 6890) equipped with a thermal conductivity detector (TCD), flame ionization detector (FID) and a PLOT-Q column. The propene conversions and CO and CO 2 yields were calculated via the detected vol% of CO and CO 2 by the non-dispersive IR spectrometer (Supporting Information, S1). Online-GC measurements of the product gas stream showed no additional products. Therefore, all conversions and yields presented here are calculated based on the results of non-dispersive IR spectroscopy, due to the fact that it allows continuous sampling and therefore high resolution of the oscillations. Apparent propene conversions of over 100% result from pressure increase in the milling vessel, caused by temporary clogging of the gas outlet frit by catalyst powder due to the high volume increase upon combustion. The conversion of propene is calculated from the formation of CO and CO 2 (Supporting Information, S1) and a propene inlet feed of 7.1 ml min -1 , and therefore, a temporary clogging of the gas outlet frit leads to a higher propene amount available for combustion. Consequently, more CO and CO 2 are formed during combustion, than would be possible for 7.1 ml min
propene, leading to apparent propene conversions over 100%.
Analysis
Catalysts were characterized by powder X-ray diffraction (XRD) (STOE WinXPOW InstPar, Cu Ka radiation at 20 kV and 5 mA). Surface areas were determined by the BET method using NOVA 3200e (Quantachrome Instruments). Elemental analysis was performed externally by ''Mikroanalytisches Laboratorium Kolbe'' in Mü lheim an der Ruhr, Germany.
Results and discussion
Standard reaction milling conditions
On starting the mill using the steel milling vessel at a milling frequency of 25 Hz and a propene-to-oxygen ratio of 1:2.5, immediate oscillatory CO and CO 2 formation was observed using both Cr 2 O 3 and CeO 2 . Cr 2 O 3 showed more frequent oscillations, indicating higher activity toward the combustion of propene (Fig. 2) . No reaction could be observed with catalyst (and balls) without milling. Furthermore, milling without catalyst using the steel milling vessel did not show any signs of CO and CO 2 formation in the first 90 min, confirming that the oscillations in the beginning did not arise from the steel mill or balls. Additionally, these experiments showed that while working in the explosive regime of propene in oxygen [25] , the forces of milling alone did not induce the combustion of propene. Propene conversions of over 100% which occur for both materials after several minutes of milling result from pressure increase in the milling vessel arising from temporary clogging of the gas outlet frit by catalyst powder due to the high volume increase upon combustion. This phenomenon can be observed throughout the reported results.
Additionally, the in situ ball milling propene oxidation under the same conditions as described above was investigated using commercial MoO 3 . Milling in a steel milling vessel showed no oscillations over the course of 3 h and only low conversions to CO 2 . The reaction resulted in a reduction of the catalyst to MoO 2 (Supporting Information, Fig. S2.1 ). Therefore, in the case of MoO 3 , no catalytic but stoichiometric oxidation of propene was observed. This observation demonstrates that the oscillatory behavior of propene combustion is dependent on the material used and not attributed to the explosive gas conditions. Using Cr 2 O 3 and CeO 2 , the profile of a single oscillation showed a sharp peak in CO and CO 2 , followed by a shoulder, before declining to zero (Fig. 3) . The shape of an oscillation as well as the ratio between CO and CO 2 remained comparable over the course of the milling time. When using the steel milling vessel in the case of CeO 2 , the oscillations were all separated by regions of inactivity, ranging from seconds to several minutes (Fig. 2b) . Cr 2 O 3 on the other hand showed regions of overlapping oscillations and nearly no inactivity periods (Fig. 2a) . After 60 min, the shape of the oscillations changed, leading to a decrease and broadening of the peaks as well as a change in CO and CO 2 ratio. The continuous oscillations led to regions of temporary high propene conversion with momentary high water production. This led to a moistening of the catalyst, resulting in clogging of the outlet frit and pressure increase in the (Fig. 4) . These abrasion products could be ruled out as source for oscillations by substituting the steel milling vessel and balls by tungsten carbide. Using Cr 2 O 3 and CeO 2 in a tungsten carbide milling vessel with tungsten carbide milling balls (6 9 10 mm) showed comparable oscillatory propene combustion behavior as observed in the steel milling vial (Supporting Information Fig. S2.2 ). Again Cr 2 O 3 showed higher activity in comparison with CeO 2 .
In order to evaluate whether phase changes were responsible for the oscillatory reaction, both catalysts were analyzed via XRD before and after an oscillation. The powder diffraction pattern showed no signs of additional phases, indicating that oxidation or reduction of the catalyst bulk did not lead to the observed oscillations (Supporting Information S2.3). Since no in situ XRD could be performed during milling, the milling was always interrupted for measurements which might have changed the state of the catalyst. Additionally, elemental analysis of the catalyst was performed after 3 h milling at a propene-to-oxygen ratio of 1:2.5, giving an overall carbon content of below 1 wt%, which demonstrates that there was insignificant carbon deposition during the reaction.
Influence of reactant feed concentration
To analyze the influence of the reactant feed concentration on the oscillations, the propene-to-oxygen ratio was varied. On further increase of oxygen content (C 3 H 6 :O 2 = 1:5), CO 2 production dominated during the oscillations. Whereas in the case of Cr 2 O 3 the oscillations appeared immediately and at high frequency (Fig. 5a ), CeO 2 exhibited groups of oscillations followed by regions of inactivity ( Supporting  Information, Fig. S2.4a ). For CeO 2 at equal oxygen-topropene ratio, nearly no activity and simply small spikes of CO and CO 2 formation were observed ( Supporting Information, Fig. S2.4b) . Furthermore, a decrease of the oxygen content (C 3 H 6 :O 2 = 27:23 and 1.5:1) led to a decline in the amplitude of the oscillation in the beginning of the reaction and at even higher propene excess (C 3 H 6 :O 2 = 2:1) no activity for propene oxidation was observed (Supporting Information, Fig. S2.4c, d ). Using Cr 2 O 3 as catalyst at a propene-to-oxygen ratio of 1:1 and 27:23, the latter being outside of the explosion limits of propene in oxygen, showed small oscillations throughout the milling time, during which propene conversion of around 10% was achieved (Fig. 5b, c) . Experiments with Cr 2 O 3 at a propene-to-oxygen ratio of 1:1 were repeated using the tungsten carbide milling vial, showing differing conversions of propene throughout 3 h reaction time (see Fig. 5d ). For total oxidation of propene to CO 2 , 4.5 equivalents of oxygen are necessary (Supporting Information, Eq. 2). If the reaction would proceed via a radical reaction, rather than via surface-catalyzed combustion, all available oxygen should react with propene. Therefore, in the case of a radical combustion, the lowest possible propene conversion at an oxygen-to-propene ratio of 1:1, even under the assumption of 100% total oxidation to CO 2 , should not lie below 22%. Propene ; f = 25 Hz; N 2 product dilution = 700 ml min -1 ).
conversions in the range of 10% therefore suggest catalytic combustion. A further increase in propene concentration (C 3 H 6 :O 2 = 1.5:1 and 2:1) did not lead to vanishing of the oscillations, but for a ratio of 2:1 their frequency increased while decreasing the conversion of propene to 1.5% after 3-h milling (Fig. 5e,   f) . If the reaction were to proceed via a radical gasphase reaction rather than a catalytic pathway, no oscillations at all should be observable under these concentrations. Overall, the milling experiments at different propene-to-oxygen ratios show that the oscillatory reaction rate behavior for propene combustion using Cr 2 O 3 and CeO 2 is maintained over a wide range of gas compositions, is induced by the in situ mechanical activation of the respective material and proceeds catalytically-although under some conditions the catalytic surface reaction may ignite a homogeneous gas-phase reaction. In order to further examine the influence of the reactant feed composition on the catalyst, experiments were conducted in which the feed ratio was changed during milling from a propene-to-oxygen ratio of 1:2.5-1:5 and 2:1, respectively. Due to the overall lower activity of CeO 2 with respect to Cr 2 O 3 , the former showed no substantial change in the oscillations when switching from a propene-to-oxygen ratio of 1:2.5 to higher oxygen excess (C 3 H 6 :O 2 = 1:5) or propene excess (C 3 H 6 :O 2 = 2:1) conditions, respectively (Supporting Information, Fig. S2.5 ). In the case of a propene-to-oxygen ratio of 1:5, widely separated oscillations producing mainly CO 2 were observed. When switching between the propene-to-oxygen ratios, it took more than 10 min in each case to produce an oscillation. This reflects the previously stated lower activity of CeO 2 . When using Cr 2 O 3 , a change from high oxygen excess (C 3 H 6 :O 2 = 1:5) to standard oscillating conditions (C 3 H 6 :O 2 = 1:2.5) showed higher CO 2 and lower CO production during the first oscillations, indicating higher oxygen uptake of the catalyst during oxygen richer conditions, without continuously inducing oscillations (Fig. 6a) . In contrast, switching from a propene-rich reactant feed to standard oscillating conditions (C 3 H 6 :O2 = 1:2.5) resulted in a lower CO 2 production during the first oscillations (Fig. 6b) . Contrarily to experiments solely at high oxygen excess (Fig. 5a ) or propene excess (Fig. 5f) , switching between oxygen and propene ratios during milling did not lead to oscillations at the respective conditions. This shows that under given milling conditions a propene-to-oxygen ratio of 1:2.5 is most favorable to give rise to oscillations in propene combustion.
Influence of milling parameters
To further investigate the impact of in situ ball milling on the activation of the catalysts toward oscillatory behavior of propene oxidation, the milling frequency was stepwise reduced to 10 Hz while maintaining the oscillation-inducing reactant feed composition (C 3 H 6 :O 2 = 1:2.5). As expected, on decrease of the milling frequency, the frequency of oscillations declined. CeO 2 exhibited oscillatory reaction behavior down to a milling frequency of 20 Hz (Supporting Information, Fig. S2.6a ). Cr 2 O 3 showed activity down to a milling frequency of 10 Hz, again attributed to its higher activity with respect to CeO 2 (Supporting Information, Fig. S1 .6b-d). To further illustrate the impact of milling on the catalytic reaction, blank experiments were performed in which (a) the catalyst was simply shaken without addition of milling balls under reaction gas flow, (b) reactant gas was passed through the mill, filled with catalyst and balls, but the mill was not operating and (c) pre-milled CeO 2 and Cr 2 O 3 , respectively, were used as catalyst, with no milling during the reaction itself. In all cases, no propene conversion was observed. This clearly shows that milling of the catalyst is crucial for the reaction to proceed.
Finally, the impact of the milling ball size on the catalytic reaction was examined. On increasing the ball size to d = 15 mm, the frequency of oscillations increased for both catalysts. Moreover, the shape of a single oscillation did change (Supporting Information, Fig. S2.7) . These results reflect those obtained by milling at lower frequency. By increasing the mechanical force applied during the reaction, the activity toward propene combustion to CO and CO 2 is increased.
Comparison of the activity between Cr 2 O 3 and CeO 2
Throughout the in situ milling experiments, Cr 2 O 3 showed more frequent oscillations in CO and CO 2 formation than CeO 2 , independent of the milling vessel used. At variation of the propene-to-oxygen ratio, Cr 2 O 3 exhibited oscillations throughout 3-h milling, whereas at high propene-to-oxygen ratios, CeO 2 only showed oscillations in the first 20 min. These observations could be explained by the change in surface area observed for the materials after 3 h milling under reaction conditions. In the case of Cr 2 O 3 , the BET surface area increased during milling from 2.6 to 21.9 m 2 g -1 . Contrarily, the BET surface area of CeO 2 decreased from 16.8 to 6.4 m 2 g -1 . In addition to the surface area, the forces applied during milling, which, among others, lead to stress and strain in the material, also play an important role in the oscillations. Upon decreasing the milling frequency, the activity of both materials toward propene combustion was decreased. However, Cr 2 O 3 could be activated for oscillatory propene combustion at much lower milling frequencies than CeO 2 , again reflecting its higher activity.
Radical versus catalytic combustion
Several steps were undertaken to investigate the nature of the oscillations observed for propene combustion when activating materials under in situ ball milling conditions. When substituting CeO 2 or Cr 2 O 3 for MoO 3 under standard milling reaction conditions (C 3 H 6 :O 2 = 1:2.5; gas flow rate = 25 ml min -1 ; f = 25 Hz; N 2 product dilution = 700 ml min -1 ), no oscillations could be observed and CO 2 formation could be traced back to the reduction of MoO 3 -MoO 2 . Additionally, milling without catalyst under standard milling reaction conditions showed no oscillations in CO and CO 2 until there was enough material abraded from the steel milling vessel to induce these. Furthermore, reactions at a propene-to-oxygen ratio outside of the explosion limit also showed oscillatory behavior for both CeO 2 the surface with the uptake of oxygen has been reported in several studies [26] [27] [28] . In the case of CeO 2 , its redox properties and high lability of lattice oxygen are also known to contribute to its catalytic activity in oxidation reactions [29] . The continuous milling of the catalyst during the reaction could lead to the accumulation of active surface sites which at certain saturation leads to sudden oxidation of propene. The change in oscillation profile during the course of the milling time shows that the change in surface structure, which occurs during milling, does indeed have an influence on the activity of the catalyst. This is especially visible in the oscillation profiles using CeO 2 . The oscillations in propene oxidation could be induced by oxidation and reduction processes on the surface of the catalysts, which are assisted by the milling. During milling of the catalyst under reaction conditions, it is constantly exposed to deterioration by impact, leading the system away from thermodynamic equilibrium by generating new defects and facets, resulting in a constant change in available adsorption sites on the catalyst. On changing of the reactant feed composition, a change in the surface of Cr 2 O 3 under strongly oxidizing and reducing conditions was reflected by reproducible changes in CO and CO 2 product ratios. So far, the possibilities of in situ analysis during milling reactions are scarce, allowing to obtain only very little information on processes taking place during the milling, especially on the surface of the material being milled [30] [31] [32] . Ex situ XRD analysis showed no change in the oxidation state of the catalyst ( Supporting Information, Fig. S2.3) .
Conclusion
In summary, we have shown that in situ ball milling of Cr 2 O 3 and CeO 2 can lead to the activation of the respective solid, resulting in catalytically induced oscillations of propene oxidation to CO and CO 2 under ambient temperature and pressure. We propose that the continuous changes in activity result from milling of the catalyst under reaction conditions which lead to continuous changes in the surface structure of the materials. This reaction is an exciting example of how mechanical activation of materials can influence the activity of solids toward heterogeneously catalyzed reactions. In the field of in situ mechanical activation of materials under reaction conditions, further research is necessary in order to investigate the mechanisms underlying the activation such as defect and hot spot formation, amorphization and the nature of the active surface species under milling conditions.
